We consider models where a hidden U (1) interacts with the Standard Model via kinetic mixing.
I. INTRODUCTION
The simplest models of weak scale dark matter have direct couplings to the Higgs and electroweak gauge bosons of the Standard Model (SM). Rapidly improving detection experiments place strong constraints on such models, although windows remain [1, 2] . However, it is possible that these models are overly simplistic. Minor augmentations of a dark sector can allow for thermal relic abundance, but without constraints from direct detection experiments. Yet these models might be accessible via the Large Hadron Collider (LHC). Here, we explore one such class of models. We remain agnostic about the detailed dynamics of the dark sector, but specify a simple portal between the dark sector and the visible sector: we imagine a new abelian gauge group U (1) which kinetically mixes with the SM U (1) Y , possibly induced by heavy particles charged under both groups [3, 4] .
In the most studied such models, the dark matter is a Dirac fermion with non-zero charge under U (1) , see e.g. [5] [6] [7] [8] [9] . The combined constraints from precision electroweak, relic abundance, direct and indirect detection, and collider physics exclude large regions of parameter space. We will imagine that the dark matter is not, in fact, an elementary charged particle under U (1) . But even so, it may couple to the U (1) via higher dimensional operators. This possibility can be studied in an effective field theory (EFT) below some cutoff scale Λ. If the dark matter is a Dirac fermion, the leading operator is a dipole interaction:
And if the dark matter is a complex scalar, the leading operators are the charge radius operator and the Rayleigh operator, provided we impose φ number conservation 1 :
In this paper we study these two dark matter candidates. First, we introduce the models and work out the interactions in Section II. We proceed to discuss the cosmology, precision electroweak constraints, and collider observables in Sections III-V. LHC searches for a Z resonance prove to be particularly powerful. Direct detection is discussed next in Section VI. As written, the derivatives present in Eqs. (1) and (2) explain the absence of direct detection signals, both now and into the future. Thus, these models suffer less tension with constraints than those where the dark matter is charged under U (1) . However, it is possible that additional higher-dimensional operators (not relevant for the thermal history) can give rise to observable direct detection signals. Throughout this work, our focus is on the window where the dark matter is relatively heavy, say from 100-1000 GeV. We do, however, comment briefly on the possibility of lighter dark matter for the scalar model in Section VII. Finally in Section VIII we conclude.
II. THE MODELS
We augment the dark sector Lagrangians (either Eq. (1) or Eq. (2)) by allowing kinetic mixing of the U (1) , whose gauge boson isẐ (hat denotes gauge eigenstate field), with the SM hypercharge bosonB:
Here s , short for sin , parameterizes the kinetic mixing. The mass term forẐ arises from the vacuum expectation value (vev) of a dark Higgs field. We assume the dark Higgs boson does not significantly impact the phenomenology. This would be the case, for example, if the dark Higgs boson were heavy with respect to the other dark sector particles.
The mass terms can be diagonalized (and kinetic terms made canonical) by a rotation from the (Ẑ,Â,Ẑ ) basis to the mass eigenstate basis (Z, A, Z ):
under U (1) that receive most of their mass from a source other than U (1) breaking, the effective charge operators may be sufficiently suppressed.
.
Due to the mixing among the neutral gauge bosons shown in Eqs. (4)-(6), the Z acquires O( ) couplings to the SM neutral currents:
The last expression holds in the limit of small and large m Z .
After the rotation into the mass eigenstate basis, the interactions of Eq. (1) or Eq. (2) induce couplings of the dark matter to the gauge bosons:
Scalar model:
Notably, there is no dark matter-photon coupling.
III. RELIC ABUNDANCE OF DARK MATTER
There are four free parameters in the dipole model: s , m Z , m DM , and Λ. Consistency with the observed thermal relic abundance of dark matter Ωh 2 = 0.1199 ± 0.0027 [15] provides one constraint among the four parameters. After the relic abundance is fixed to the central value, three free parameters remain, which we take to be s , m Z and m DM . If m DM is held fixed, Λ becomes a function on the (m Z , s ) plane. To describe annihilations consistently within the EFT, we require Λ > m DM . In Fig. 1 we shade the regions in the (m Z , s ) plane where Λ, as determined by the relic abundance, is smaller than m DM (labeled "no EFT"). We perform calculations of the relic abundance using micrOMEGAs [16] .
For sufficiently small s , we see Λ typically becomes smaller than m DM , and the validity of the EFT is called into question. This tension arises because the annihilation channel χχ → ff , which dominates over much of the parameter space, has a cross section proportional to 2 Λ 2 for small. For m Z ∼ 2m DM the cross section is greatly enhanced by resonance, and smaller s may be accommodated. Also, for m Z < m DM , the annihilation channel χχ → Z Z , not subject to suppression, is open. Thus, in this regime, small s is consistent with cosmology.
A similar story holds for the scalar model; see to an additional parameter κ R /κ C . In Fig. 2 we set κ R /κ C = 1, but it is straightforward to extrapolate to a wide range of κ R /κ C because the charge radius and Rayleigh operators contribute differently to the cosmology.
• For m Z < m DM , the Rayleigh operator dominates. This can be seen from the thermally averaged cross section times velocity σv of the dominant annihilation channel φφ → Z Z :
(charge radius),
, and the first (second) line of the last equation is obtained for κ C = 1, κ R = 0 (κ C = 0, κ R = 1). The smaller prefactor and the suppression as x → 0 or x → 1 typically render the charge radius operator subdominant to the Rayleigh operator in this regime. Actually, much of the regime m Z < m DM would be inaccessible within the range of validity of the EFT if only the charge radius operator were present, for it under-annihilates the dark matter. We see in Fig. 2 that the presence of the Rayleigh operator largely lifts any constraints in this regime. The exception occurs for the largest m DM considered, where σv ∝ m −2 DM is suppressed, requiring smaller Λ to compensate -this excludes the region m Z 850 GeV in the m DM = 1000 GeV plot. We note no similar excluded region exists in the dipole model even for m DM = 1000 GeV as
is intrinsically larger.
To get a feel for the size of the higher dimensional operators required in this regime, we can take the x → 0 limit of Eqs. (21) and (22), and invert them for Λ. Assuming σv s-wave =2.3×10 −26 cm 3 /s, we find
These values suggest that new states charged under U (1) lie near the weak scale.
• For m Z > m DM , where φφ → Z Z is kinematically forbidden, the charge radius operator dominates. This is true even though φφ → ff induced by the charge radius operator is p-wave suppressed, because the large multiplicity of ff final states allows this channel to dominate over the s-wave φφ → ZZ and φφ → ZZ , the only channels induced by the Rayleigh operator. The p-wave suppression is due to the mismatch of angular momentum between the s-wave initial state φφ (J = 0) and the s-channel vector boson (J = 1). Compensating for the p-wave suppression requires smaller Λ, and thus implies a smaller region in the (m Z , s ) plane is accessible within the EFT than for the dipole model, which has an s-wave piece.
As a final comment, the width of Z is relevant for the calculation of the relic abundance in the resonance region as it regulates the Z propagator. But for m Z > 2m DM , Z may decay into the dark sector with partial width Γ Z →Dark . A naive calculation using L
) may not give the right result for Γ Z →Dark , because if m DM < Λ m Z , states in the hidden sector with masses above Λ may be relevant, or χ (or φ) may not even be the right degrees of freedom for the calculation. Indeed, we can calculate Γ Z →Dark in the EFT without worrying about the UV completion only if m Z Λ. This is certainly not the case on the Λ = m DM contours, where m Z > 2Λ, so Γ Z →Dark has to be prescribed. The solid curves in Figs. 1 and 2 are obtained assuming
Two other choices are shown in these plots -the dotted curves correspond to
. We see that the regions excluded by Λ < m DM are not significantly affected by different prescriptions for the dipole model. For the scalar model, the impact of Γ Z →Dark is larger due to the limited size of surviving parameter space near m Z ∼ 2m DM . We also remark that other parts of the relic abundance calculation are still valid for m Z Λ, since the energy scale of interest in the thermal freeze-out process is m DM < Λ.
IV. PRECISION ELECTROWEAK CONSTRAINTS
Electroweak precision tests (EWPT) put upper limits on s as a function of m Z . This has been studied in [7, 17, 18] . For simplicity, we adopt the analytical result of [17] for a heavy
This bound is conservative, but not much weaker than that obtained in [18] through a more complete analysis. The ρ parameter alone provides a strong constraint near the Z pole, for which we use the result in [7] . Patching the two together by taking the envelope of these 
V. LHC LIMITS AND FUTURE PROBES
A Z with couplings to SM fermions can show up at colliders as a resonance in the dilepton invariant mass spectrum. The non-observation of a resonance at the LHC leads to an upper limit on the Z production cross section [19, 20] , which in turn constrains the parameters of our models. We choose to focus on the dimuon channel because, at present, the CMS dimuon channel provides the strongest constraint.
In the narrow width approximation (NWA) , the cross section factorizes into a product of the Z resonance production cross section and the branching ratio. This factorization holds exactly to NLO, and the resonance production cross section has a simple quadratic scaling with the vector and axial couplings of the Z to the quarks [21, 22] :
Here information from the parton distribution functions (pdf) is contained in W q , and only W u and W d are kept since they are substantially larger than the W q functions for the other quarks [21] . We follow the PYTHIA coupling conventions [23] :
Comparing this with Eq. (13), we obtain:
These are functions of s and m Z . In the limit of small and large m Z , There is a potential subtlety when m Z > 2m DM that requires discussion. In this regime, the branching ratio to muons may be suppresed due to the opening of dark sector channels. We write
where BR 0 represents the branching ratio to muons in the limit Γ Z →Dark → 0. As discussed at the end of Section III, our models L , the EFT calculation of Γ Z →Dark is trusted (the √ 10 is a somewhat arbitrary numerical factor ensuring that we are comfortably within the regime where the EFT is valid); otherwise, we impose a prescription for Γ Z →Dark as outlined below. The contours m Z = Λ √ 10
(with Λ determined by relic abundance) are shown as brown dotted curves in Figs. 1 and 2 ; call these curves m Z = m Z (s ). To the right of these curves, the exclusion limits are prescription dependent, and are shown as dashed curves using prescriptions explained in the following two paragraphs. Only the solid parts of the exclusion limits (corresponding to calculable BR) are to be taken quantitatively.
For the dipole model, we use the prescription
in Fig. 1 . In other words, we naively extrapolate the value of
on the brown dotted curves (where it is presumably calculable in the EFT) to the right. For the scalar model, the extrapolation prescription will not work, because the contours
(where one might trust the EFT calculation) are now indistinguishable from m Z = 2m DM . This results from the p-wave suppression, which forces Λ to be lower in order to avoid under-annihilation in the early universe. That is, there is no region wherein one trusts the EFT calculation of Γ Z →Dark from which we can then extrapolate. Thus, we adopt the alternate (somewhat arbitrary) prescription Fig. 2 .
To illustrate the sensitivity of the LHC exclusion limits to the Γ Z →Dark prescription, we show in Fig. 3 the exclusion limits obtained assuming These are obtained by simulating signal and background events in 5 One may also be interested in the projected 5σ discovery limits. These can be obtained by rescaling the projected exclusion curves. For m Z < 2m DM , S ∼ 2 . For m Z > 2m DM , the signal S ∼ 4 as long as
MadGraph/MadEvent/Pythia/PGS [24, 26, 27 ] with pdf set CTEQ6L1, and analyzing the event samples using ExRootAnalysis [28] . Only the dominant Drell-Yan background is considered. We generate matched samples of events with up to 2 jet emission [29, 30] , and require S = max{1.96 B + (δB) 2 , 3} for the exclusion limits. Here S and B are the number of signal and background events satisfying the CMS event selection criteria stated in [19] , with the dimuon invariant mass falling into a bin around the resonant mass m Z ± ∆(m Z ). The bin size is chosen according to the dimuon mass resolution of the CMS detector, which is found in [31] to be
To be explicit, we set ∆(m Z ) = αR(m Z ), and choose α such that the strongest limits can be obtained. We find that the optimal α is around 1 for m Z 800 GeV, and is around 0.5 for m Z 800 GeV. 6 The limits are found to be insensitive to the choice of α as long as it is near the optimum. The δB term characterizes the uncertainty in the number of background events in the resonance peak. For concreteness, δ is chosen to be 2%. With this choice, this term becomes relevant for m Z 400 GeV. If δ = 1% (3%), this term is relevant for m Z 250 (600) GeV. In Figs. 1 and 2 we use the same prescriptions in the regime m Z > 2m DM as for the current exclusion limits described above. In Fig. 3 we show the limits for
From Figs. 1 and 2, we see that for both the dipole model and the scalar model, the upper part of the region m Z < 2m DM surviving the EWPT and relic abundance constraints has been excluded by LHC experiments, while future experiments can push the bounds even lower. The present published limits constrain a Z as light as 190 GeV, but our results on the projected limits suggest that even lighter Z may also be probed. 7 For m Z > 2m DM where the Z may decay predominantly to dark matter, the limits become weaker. But depending on Γ Z →Dark , a significant part of this region may be probable in the future.
Three comments are in order before we close this section. First, our calculations are done in the NWA, in accord with the limit set by CMS in [19] . 8 Whether this is a good approximation Z → Dark channels dominate (normally this is the case, since
. 6 Presumably, in the lower mass region, Eq. (34) overestimates the resolution. It is stated in [31] that the dimuon mass resolution is 5% (9%) at 1 TeV (2 TeV), and increases linearly with dimuon mass. It is not clear this linear extrapolation is valid down to arbitrarily low mass. 7 Projected limits are shown for m Z > 100 GeV. Whether an even lighter Z can be probed will depend on the p T threshold for the muon trigger. 8 It is claimed in [19] that the limits can be applied to resonances which are not narrow, but since the limit setting procedure in that paper assumes a Breit-Wigner shape whose width is taken to be that of the Z ψ (which is narrow), it is not obvious that the same limits can be applied to a broad resonance. depends largely on the UV completion of our models, which gives Γ Z →Dark . Second, final state radiation (FSR) can shift the Breit-Wigner shape of the resonance in the dimuon invariant mass spectrum toward lower mass, which is not accounted for in the CMS limits in [19] . This may lead to a small error of a few percent for the current exclusion limits (blue) we obtain. FSR is taken into account in our calculation of the projected limits (green). Finally, one might think that our dark matter models may also be probed in the jets + missing E T channel, especially when the Z decays invisibly, see e.g. [32] . However, after quantitatively investigating this question, we find that even with 300 fb −1 data at the 14 TeV LHC, the constraint from this channel is weak -even weaker than EWPT.
VI. DIRECT DETECTION OF DARK MATTER
In this section we will see that a dark matter particle described solely by
is invisible in current and future direct detection experiments. Nevertheless, direct detection may still be relevant for our models if higher dimensional operators with reasonable coefficients are generated from the UV completion. We present an overview of the results in this section, leaving the calculational details to the Appendix.
We find it useful to compare our models with those where the dark matter is directly charged under U (1) . As a reference model, we have
Using the non-relativistic effective operator formalism proposed in [33] and further developed in [34, 35] , we calculate the direct detection constraints on c as a function on the (m Z , s ) plane (with fixed m DM ) with the help of the Mathematica codes by the authors of [35] . Among all direct detection experiments, LUX sets the strongest constraints. Thus we show in Fig. 4 the 90% CL upper limits on c derived from the LUX null results [36] . 9 As s increases, the coupling to quarks (nuclei) increases, necessitating a smaller c . The coupling c constrained as such tends to under-annihilate the dark matter in the early universe for most parts of the parameter space, as suggested by the results in [8, 9] .
In our models, the tension between direct detection and cosmology is relieved, thanks to the derivatives present in the dipole and charge radius operators. These derivatives turn into the (37) and (39) . For reference, the same EWPT and cosmology constraints as in Fig. 1 are also shown. While EWPT applies to all three models, the "no EFT"
region is different for different models (see Fig. 2 for the case of the scalar model).
momentum transfer q in dark matter -nucleon scattering, suppressing the direct detection signal. In the early universe, the derivatives pick up powers of the dark matter mass, and are thus much less suppressed.
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Effectively, one can think of our models as having "c -like couplings" that equal
The Rayleigh operator contributes only at loop level and cannot be probed in direct detection, either. Fig. 4 . Even future direct detection experiments will not be able to probe such small couplings, because the limits on in Fig. 4 can at most be pushed down by two orders of magnitude without running afoul of the neutrino background [37] .
However, direct detection may still be interesting for our models, if we consider the possibility that the UV completion of these models may generate an effective U (1) charge for the dark matter resembling Eq. (35) . This can arise from higher dimensional operators involving the hidden Higgs field Φ responsible for the spontaneous breaking of U (1) . In particular, for the dipole model, consider the operator
where a is a dimensionless coefficient. This operator gives rise to a term
where g Z is the gauge coupling of U (1) . This is just the interaction in Eq. (35), with c replaced by a , the size of which dpends on the UV theory. Thus, the contours in Fig. 4 can be interpreted as upper limits on the coefficient a of the effective U (1) charge operator.
Note that if a is small (see footnote 2), the operator (37) does not significantly change the cosmology, since in the non-relativistic (s-wave) limit of s-channel χχ annihilation,
The size of this operator is small compared with 1 Λχ σ µν χẐ µν , as long as Λ is not too much larger than m DM . It has no effect on the "no EFT" regions in Fig. 1 .
Similarly, the scalar model may allow the following effective U (1) charge operator:
As worked out in the Appendix, at leading order this corresponds to the same non-relativistic effective operator as −b ψ γ µ ψẐ µ in direct detection. Thus the contours in Fig. 4 may also be interpreted as upper limits on b for the scalar model.
VII. THE POSSIBILITY OF A LIGHT DARK MATTER WINDOW
Our focus has been on WIMP dark matter with masses of order O(100 GeV). Indeed, for swave annihilation, data from the CMB and Fermi Large Area Telescope (Fermi-LAT) [38] [39] [40] restrict m DM O(10 GeV), excluding the light dark matter regime.
As we will now discuss, the scalar model considered in this paper at least partially evades such constraints if m Z > m DM , thanks to the p-wave suppression of the only kinetically allowed 2 → 2 annihilation channel φφ → ff . Here, we will focus on the regime m Z > 2m DM . One motivation is the interesting possibility of tests via "dark matter beam experiments." For example, the dark matter particle may be detected as decay products of Z particles produced in π 0 , η decays at MiniBooNE experiments proposed in [41] . While we do not attempt a detailed discussion of parameter space, we demonstrate the existence of a light window for this mass hierarchy, from the perspective of both cosmological and indirect detection considerations. At the masses we have in mind, m DM ∼ O(100 MeV), g − 2 considerations force < 10 −3 ; see, e.g. [42, 43] . If we take m DM ∼ m Z , at the boundary of the validity of the EFT, the only mass scale in the problem is m DM , and the φφ → ff cross section scales as σv ∼ ( /m DM ) 2 . A naive scaling of the results from Fig. 2 indicates that ∼ > 10
should give the correct dark matter abundance. This implies a window is consistent with the g − 2 bounds that could usefully be probed by the dark matter beam experiments.
We next discuss the lack of indirect detection constraints for this window. First, note that the leading subdominant s-wave annihilation channel is φφ → Z * Z * → 4f . The cross section for this process is suppressed by an additional factor of 10 −4 2
10
−10 relative to the process that determines the relic density (where 10 −4 comes from the phase space), and is easily unconstrained by current data. It turns out that the p-wave annihilation to ff is also unconstrained. Annihilations of dark matter that is virialized in our galaxy are suppressed by v 2 ∼ 10 −6 , and are unconstrained by X-ray and gamma ray data [44] . Whether the CMB provides a constraint rests on the velocity of the dark matter at recombination. The dark matter cools faster once it goes out of kinetic equilibrium, which happens no later than T ∼ MeV (after that, the dark matter only scatters off neutrinos, which is suppressed by q 4 /m 4 Z , with q the momentum transfer). By the time of recombination, v 2 
−14 [44] , and CMB bounds are easily evaded.
Finally we comment briefly on the case m DM < m Z < 2m DM . Here, there may be s-wave annihilations to three body final states φφ → Z ff . So, we expect less sensitivity to late time annihilations than the dipole model (which has s-wave annihilation to two-body final states), but more than in the above case. Detailed study of this window is left to further work, but it may be possible that a signal could be imprinted in the CMB from these subdominant annihilations.
VIII. CONCLUSIONS
We have considered models of dark matter with a U (1) that kinetically mixes with the SM U (1) Y . In the models considered here, the dark matter interacts only with the U (1) via higher dimensional operators. This setup allows a thermal cosmology while avoiding increasingly stringent direct detection constraints. We find that it is possible to realize a thermal history consistently with the effective theory, whilst simultaneously satisfying constraints from electroweak precision bounds and collider bounds. However, this is not true for all combinations of (m DM , m Z ). Indeed, in the scalar case, the p-wave suppression of the process φφ → ff requires that (1) either the Z be light enough that the channel φφ → Z Z is open or (2) the dark matter annihilation must be approximately on resonance, 2m DM m Z , to partially counteract the p-wave suppression.
In either case, it shows the importance of not integrating out the Z when considering the early universe cosmology. Even for the dipole case, these two regions make up an important part of the remaining parameter space.
For both models of fermionic and scalar dark matter, LHC searches for the Z via its decays to leptons represent a powerful probe. For cases where the Z can also decay to the dark sector, this branching ratio may be suppressed. Nevertheless, this is likely the best way to discover such models. Generally, these models motivate the search for Z 's at the LHC with small production cross sections.
Direct detection is irrelevant for the operators used in this paper to provide a thermal history, due to the derivative interactions. However, it is possible that these models might have observable direct detection signals from other operators that are subdominant for the cosmological history. Depending on the details of the UV completion, a direct detection signal may be seen at any time.
Finally, we discussed the possibility of a sub-GeV window for the scalar dark matter consistent with CMB constraints, and the low energy experiments sensitive to such a window. A detailed examination of this window is left for future work.
Appendix: Some Direct Detection Details
In this appendix we discuss the calculation of the direct detection signal both for the reference model and for the dipole and scalar models. For simplicity, we focus on the case κ C = 1, κ R = 0 for the scalar model. Our notations are in accord with [35] .
The non-relativistic effective operator formalism in [33] [34] [35] is based on the fact that the dark matter -nucleon interactions in direct detection experiments can be described by a set of 12 non-relativistic effective operators O NR i . The lagrangian of any dark matter model can be reduced to the sum of these operators in the non-relativistic limit:
where the proton and the neutron may contribute differently. Then, the theoretical prediction for the number of signal events N th is determined by the coefficients c N i as follows:
where ρ DM 0.3 GeV/cm 3 , and {λ} represents all parameters of the dark matter model.
are the integrated nuclear form factors convolved with all the experimental effects, which characterize the target's response to dark matter. They depend on the experimental condition, but not on the dark matter model. The null results of direct detection experiments thus set limits on {λ}. (2) is a two-step process. First, we integrate out the heavy gauge bosons Z and Z being exchanged in the scattering to obtain a relativistic effective Lagrangian of current interactions:
where
Eq. (A.4) can be derived easily from Eqs. (35) , (1) and (2) . Q p = 1, Q n = 0, g p = 5.59, g n = −3.83 in Eq. (A.5) are the electric charges and magnetic g-factors of the nucleons. The convention for the momenta is: p µ and p µ (k µ and k µ ) are the incoming and outgoing momenta of the dark matter (nucleon),
Z , in the low q 2 limit. This is most easily seen in the (Ẑ,Â,Ẑ ) basis, where the two contributing diagrams involveẐ -Ẑ andẐ -Â kinetic mixing, respectively, in the t-channel propagator. The vertices for kinetic mixing are comparable for the two diagrams, but the first diagram is suppressed by theẐ propagator compared with the second, which explains the absence of J µ Z in Eq. (A.3). Now with L eff at hand, we proceed to the second step: taking the non-relativistic limit of L eff . Following the methods of [34, 35] , we obtain L 11 This simplification allows us to easily calculate the expected direct detection signal N th for the reference model using the Mathematica codes by the authors of [35] .
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The resulting upper limits on c due to the LUX null results are shown in Fig. 4 .
We can directly translate these results to the dipole model, by noting that the equivalent of 11 This is the standard spin-independent (SI) interaction. 12 These codes can only deal with models with q 2 independent c N i , and thus are not directly useful for calculating our models. This is why we take an indirect approach, namely to study the reference model first and then work out the suppression in our models compared with the reference model. c here is 
